The ubiquitin-proteasome system (UPS) has been implicated in the retrieval-induced destabilization of cocaine-and fear-related memories in Pavlovian paradigms. However, nothing is known about its role in memory retrieval after self-administration of cocaine, an operant paradigm, or how the length of withdrawal from cocaine may influence retrieval mechanisms. Here, we examined UPS activity after an extended-access cocaine self-administration regimen that leads to withdrawal-dependent incubation of cue-induced cocaine craving. Controls self-administered saline. In initial experiments, memory retrieval was elicited via a cue-induced seeking/retrieval test on withdrawal day (WD) 50-60, when craving has incubated. We found that retrieval of cocaine-and saline-associated memories produced similar increases in polyubiquitinated proteins in the nucleus accumbens (NAc), compared with rats that did not undergo a seeking/retrieval test. Measures of proteasome catalytic activity confirmed similar activation of the UPS after retrieval of saline and cocaine memories. However, in a subsequent experiment in which testing was conducted on WD1, proteasome activity in the NAc was greater after retrieval of cocaine memory than saline memory. Analysis of other brain regions confirmed that effects of cocaine memory retrieval on proteasome activity, relative to saline memory retrieval, depend on withdrawal time. These results, combined with prior studies, suggest that the relationship between UPS activity and memory retrieval depends on training paradigm, brain region, and time elapsed between training and retrieval. The observation that mechanisms underlying cocaine memory retrieval change depending on the age of the memory has implications for development of memory destabilization therapies for cue-induced relapse in cocaine addicts.
INTRODUCTION
Exposure to cues previously paired with cocaine leads to retrieval of cocaine memories, which can evoke cocaine craving. This contributes to long-term vulnerability to relapse in cocaine addicts. Studies in animal models have shown that drug memories become labile upon retrieval and must undergo reconsolidation to be maintained, suggesting that interfering with reconsolidation has therapeutic potential for treating addiction Torregrossa and Taylor, 2013) . It is therefore important to understand mechanisms mediating memory retrieval and reconsolidation.
In addition to well-established roles for NMDA receptors and downstream signaling pathways (Torregrossa and Taylor, 2013) , de novo protein synthesis is necessary for retrieval and/or reconsolidation of cocaine memories (Lee et al, 2006; Fuchs et al, 2009; Fan et al, 2010; Théberge et al, 2010; Bailey et al, 2012; Ren et al, 2013; Shi et al, 2014) .
Recently, it was found that the ubiquitin-proteasome system (UPS) is also required for retrieval-induced destabilization of cocaine memories in a conditioned place-preference (CPP) paradigm, suggesting coordinated roles for protein synthesis and degradation (Ren et al, 2013) . This is analogous to a more established role for the UPS in destabilization of fear memories after their retrieval in a fear conditioning paradigm (Lee et al, 2008; Jarome et al, 2011) .
The CPP results of Ren et al (2013) suggest that interfering with UPS activity might prevent cocaine memory reconsolidation and thus reduce cue-induced craving and relapse. However, CPP measures drug reward, not craving. Craving is an affective state in humans; in laboratory animals, it can be inferred, in drug self-administration studies, from responding for drug or drug-associated cues (Lu et al, 2004) . Nothing is known about UPS activation when memories are retrieved after cocaine selfadministration. Furthermore, Ren et al (2013) conducted tests for memory retrieval 1 day after training, whereas relapsetriggering memories in addicts are usually much older. It is well established that remote memories are more resistant to protein synthesis inhibitors than recent memories (eg, Milekic and Alberini, 2002; Frankland et al, 2006) but whether UPS involvement changes as memories age has never been tested.
To address these issues, we measured UPS activation upon retrieval of cocaine memories after an extended-access cocaine self-administration paradigm that leads to progressive intensification, or 'incubation', of cue-induced craving over the first months of withdrawal (Lu et al, 2004; Pickens et al, 2011) . We compared UPS activation at early and late withdrawal times, when craving is low and high, respectively, in order to assess its relationship both to the age of the memory and the intensity of craving. We focused on the nucleus accumbens (NAc) because the expression of 'incubated' craving depends upon synaptic plasticity in this region (Conrad et al, 2008; Loweth et al, 2014) . We also studied other regions-amygdala, prefrontal cortex (PFC) and dorsolateral striatum (DLS) -implicated in cue-induced cocaine seeking after withdrawal (Grimm et al, 2003; Fuchs et al, 2006; Lu et al, 2005a Lu et al, , b, 2007 See et al, 2007; Koya et al, 2009; Pacchioni et al, 2011; Lee et al, 2013; Ma et al, 2014; Pascoli et al, 2014) .
MATERIALS AND METHODS

Cocaine Self-Administration
Male Sprague-Dawley rats (250-275 g on arrival; Harlan Laboratories, Indianapolis, IN) were maintained on a reverse light-cycle with food and water available ad libitum. After a week to acclimate, jugular catheters were implanted and rats were singly housed. After 5-7 days of recovery, selfadministration training was conducted on 10 consecutive days (6 h/day) in operant chambers equipped with two nosepoke holes. Responding in one hole (active) resulted in intravenous infusion of cocaine (0.5 mg/kg/infusion in a 100 μl/kg volume over 3 s) or saline (32 μl/infusion) on an FR1 schedule, paired with illumination of a cue light (for detailed descriptions, see Conrad et al, 2008; Loweth et al, 2014) . Responding in the inactive hole had no consequences. After completion of training, rats were housed in home cages and handled several times per week. Some rats (no retrieval groups) were killed without further testing. Others were returned to the operant chamber at different withdrawal times for a 30-min test designed to elicit memory retrieval and measure cueinduced cocaine seeking. Tests were performed under extinction conditions, ie, responding in the active hole delivered the light cue but no infusion. Procedures were approved by our Institutional Animal Care and Use Committee.
Tissue Processing
After rats were decapitated, regions of interest were dissected from 2mm coronal slices prepared with a brain matrix (ASI instruments, Warren, MI), as shown in Supplementary  Figure 1 , and frozen at − 80 o C. For NAc, both core and shell subregions were collected because incubation is accompanied by similar synaptic plasticity in both subregions (McCutcheon et al, 2011) . After subcellular fractionation (see Supplemental Materials and Methods), protein polyubiquitination was measured in the P2 fraction; in some experiments, the S2 fraction was collected to measure proteasome catalytic activity.
Immunoblotting
P2 fractions prepared from brain regions of individual rats (10-15 μg protein/lane) were mixed 1:1 with 2 × sample treatment buffer (161-0737, Bio-Rad) and analyzed by SDS-PAGE and immunoblotting (Ferrario et al, 2010) . Proteins tagged with a Lysine-48-linked polyubiquitin chain are recognized and bound by the S5a subunit of the proteasome for degradation (Newton et al, 2008) . To quantify proteins tagged in this manner, blots were probed using an antibody that selectively recognizes the ubiquitin Lysine-48 linkage. We also measured protein levels of two UPS targets: Shank and N-ethylmaleimide-sensitive factor (NSF). Antibodies and detection methods are described in Supplementary Materials and Methods.
Proteasome Assays
Proteasome catalytic activity was measured using the 20S Proteasome Activity Assay Kit (APT280, Millipore; Supplementary Materials and Methods; Supplementary  Figure 2 ).
RESULTS
Behavioral Data and Tissue Preparation
Rats were trained (6 h/day, 10 days) to nose-poke to receive intravenous infusions of saline or cocaine paired with a light cue ( Figure 1a ; main effect of treatment: F (1,69) = 558.7, Po0.0001). On withdrawal day (WD) 1 or after prolonged withdrawal (WD50-60; see next section for justification of this withdrawal period), we induced memory retrieval and assessed cue-induced cocaine-seeking by returning animals to the operant chambers for a 30-min test (Figure 1b) . During the test, nose-pokes in the previously active hole (the operational measure of cue-induced craving in incubation of craving studies; Lu et al, 2004; Pickens et al, 2011) delivered the light cue but no cocaine infusion. Two-way ANOVA revealed a significant interaction of treatment and WD (F (2,51) = 4.98, Po0.05). Post-hoc comparisons revealed that cocaine rats responded more on WD51 or WD60 (Sidak's, ***Po0.0001, **Po0.001) than on WD1, demonstrating incubation of cue-induced craving. Nose-pokes in the inactive hole for the cocaine groups were low (8.78 ± 0.733; mean ± SEM). Interestingly, combining all saline/retrieval groups revealed that these animals responded significantly more in the previously active hole compared with the inactive hole (Figure 1b , inset; t (56) = 2.09, *Po0.05), indicating that saline animals remember the light cue.
Protein Polyubiquitination and UPS Target Proteins in the NAc after Prolonged Withdrawal
Our first question was whether memory retrieval/cueinduced cocaine seeking following incubation is associated with UPS activation in the NAc. We selected a withdrawal period (WD50-60) when incubation has peaked (Lu et al, 2004) and neuroadaptations in the NAc that underlie expression of incubation have stabilized (Wolf and Tseng, 2012) . After this withdrawal period, some rats were given a seeking/retrieval test and then killed 30 or 60 min after memory retrieval (retrieval groups; Figure 2a and b). Timing of the retrieval experiments was based on results from other memory retrieval paradigms (Lee et al, 2008; Jarome et al, 2011; Ren et al, 2013) . Other rats were taken from home cages for tissue collection without a seeking test (no retrieval groups) to determine if cocaine withdrawal is associated with altered basal UPS activity and to provide a baseline from which to assess seeking/retrieval test-induced changes in polyubiquitinated protein levels. After NAc tissue was harvested, the P2 synaptosomal membrane fraction, which is similar to fractions used in previous work (Lee et al, 2008; Jarome et al, 2011; Ren et al, 2013) , was immunoblotted using an antibody recognizing polyubiquitinated proteins targeted for proteasomal degradation (see Materials and Methods). Samples from the retrieval and no retrieval groups were processed for SDS-PAGE and immunoblotting in parallel.
Comparing no retrieval groups to rats killed 30 min after starting the retrieval test ( Figure 2c ) by two-way ANOVA revealed a main effect of testing (retrieval vs no retrieval: F (1,28) = 8.16, Po0.01) but no effect of prior treatment (saline vs cocaine; F(1,28) = 0.25) and no significant interaction (F (1,28) = 0.21). A similar pattern was observed when retrieval groups were killed 60 min after starting retrieval tests ( Figure 2d ; retrieval vs no retrieval: F(1,28) = 10.07, Po0.01; saline vs cocaine; F(1,28) = 0.78; interaction: F (1,28) = 0.17). Together, these results indicate that a seeking/retrieval test increases polyubiquitinated protein levels in the NAc regardless of whether a cocaine-or saline-associated memory is retrieved.
We considered the possibility that the retrieval-induced increase in polyubiquitinated proteins was due to exposure of both retrieval groups to a relatively novel context (it had been 50-60 days since their last exposure to the operant boxes). To address this, we used age-matched rats that were treatmentnaïve (they had remained in their home cages since entering the colony). These rats were either taken directly from their home cages for NAc tissue harvesting or first exposed to a novel context (the operant box) for 30 min. We found no differences in levels of polyubiquitinated proteins between these groups (home cage: 100 ± 3.69%; novel context: 95.32 ± 4.88%; mean ± SEM, % control), suggesting that elevation of polyubiquitinated proteins in the cocaine/ retrieval and saline/retrieval groups was not due to renewed 'novelty' of the operant chamber after prolonged withdrawal.
We next measured total protein levels of two synaptic proteins, Shank and NSF. The UPS-mediated degradation of NSF, a protein whose functions include regulation of AMPA receptor trafficking (Hanley, 2014) , has been linked to expression of cocaine CPP (Ren et al, 2013) . The synaptic scaffolding protein Shank is tagged and degraded by the UPS after retrieval of fear memories (Lee et al, 2008; Jarome et al, 2011) . At the 30-min time point, analysis of NSF levels by two-way ANOVA indicated that NSF was decreased in the retrieval groups compared with no retrieval groups (Figure 2e; main effect: retrieval vs no retrieval: F(1,26) = 5.55, Po0.05). Although there was no main effect of prior treatment (saline vs cocaine: F(1,26) = 0.60), the saline retrieval group showed a trend toward a more pronounced decrease in NSF than the cocaine retrieval group (interaction: F(1,26) = 1.71, P = 0.20). The retrieval-induced decrease in NSF protein could reflect increased degradation by the UPS, based on increased polyubiquitinated protein levels at the same time point (Figure 2c ), although other regulatory mechanisms could also account for altered NSF expression. Interestingly, the decrease in NSF observed 30 min after retrieval was transient, as indicated by no group differences in NSF levels at the 60-min time-point ( Figure 2f ; retrieval vs no retrieval: F(1,28) = 0.78; saline vs cocaine: F(1,28) = 0.02; interaction: F(1,28) = 0.16).
Shank protein levels showed a retrieval-dependent but treatment-independent increase at both 30-min ( Figure 2g ) and 60-min (Figure 2h ) time points (30-min: retrieval vs no retrieval: F(1,28) = 15.74, Po0.001; saline vs cocaine: F (1,28) = 0.98; interaction: F(1,28) = 0.14; 60-min: retrieval vs no retrieval: F(1,28) = 13.62, P = 0.001; saline vs cocaine: F (1,28) = 0.47; interaction: F(1,28) = 0.05). This could indicate decreased Shank degradation, although the same rats showed an increase in polyubiquitinated proteins suggestive of a general increase in protein degradation (Figure 2c and d ). An alternate possibility is that Shank translation is increased during memory retrieval, as changes in translation and degradation often go hand-in-hand during plasticity (Fonseca et al, 2006; Jarome et al, 2011) .
Polyubiquitinated Proteins and Proteasome Activity in Multiple Brain Regions after a Seeking/Retrieval Test during Prolonged Withdrawal
We were surprised to observe similar UPS activation in saline/retrieval and cocaine/retrieval groups so we conducted an additional experiment to more thoroughly compare these During the 30-min test, nose pokes in the previously active hole delivered the cue but no cocaine, providing a measure of cue-induced craving. Craving was increased ('incubated') in cocaine groups on both WD51 and WD60 compared with WD1. Inset: Combined results from all test days showed that saline rats responded significantly more in the previously active hole. *Po0.05, **Po0.01, ***Po0.001, ANOVA followed by Sidak's multiple comparisons test. All data expressed as mean ± SEM. The number of rats/ group in this and subsequent figures is shown within the bars. Figure 2 Polyubiquitinated proteins and protein targets of the proteasome in the NAc after prolonged withdrawal with or without a cue-induced seeking/ retrieval test. (a and b) Timelines: Saline/retrieval (sal r) and cocaine/retrieval (coc r) groups were killed either 30 min (a) or 60 min (b) after the start of a 30-min test. Saline/no retrieval (sal) and cocaine/no retrieval (coc) groups, not depicted on the timeline, were killed on WD50 without a seeking test. (c and d) In the NAc of rats killed 30 (c) or 60 min (d) after starting the test, there was a main effect of retrieval for polyubiquitinated proteins (**Po0.01). NSF protein levels were decreased 30 min after retrieval in retrieval groups compared with no retrieval groups (e; *Po0.05) but returned to baseline 60 min after retrieval (f). pan-Shank immunoreactivity was increased 30 (g) and 60 min (h) after retrieval (***Po0.001, **Po0.01). (i and j) Levels of GADPH (loading control) did not differ significantly between groups. Data analyzed using two-way ANOVAs.
groups to better understand mechanisms underlying cocaine-specific memory retrieval, which has therapeutic relevance to cue-induced relapse. This experiment differed from our prior experiments in three ways: (1) it did not include 'no retrieval' groups, (2) in addition to preparing P2 fractions for analysis of protein polyubiquitination, we prepared S2 fractions for measurement of proteasome catalytic activity (Supplementary Materials and Methods; Supplementary Figure 2) , and (3) we harvested DLS, amygdala, and PFC, in addition to NAc. The timing of the new experiment was identical to those shown in Figure 2 .
Thus, after 50-60 days of withdrawal from saline or cocaine self-administration, rats received a cue-induced seeking/ retrieval test and were killed either 30 min (Figure 3a ) or 60 min (Figure 3b ) after starting the test. Based on previous work (Lee et al, 2008; Jarome et al, 2011) , we hypothesized that the cocaine group would exhibit increased UPS activity in amygdala (and perhaps other regions) but found no differences in levels of polyubiquitinated proteins between saline/retrieval and cocaine/retrieval groups in any brain region at either time-point (Figure 3c and d; all t-tests nonsignificant). For the NAc, this replicates the lack of difference Figure 3 Polyubiquitinated proteins and proteasome activity following a cue-induced seeking/retrieval test during prolonged withdrawal. (a and b) All rats shown underwent a seeking/retrieval test after 51-60 days of withdrawal and were killed either 30 min (a) or 60 min (b) after starting the test. (c and d) Polyubiquitinated protein levels did not differ between groups in any region at either time point. (e and f) Chymotrypsin-like activity of the proteasome was lower in the dorsolateral striatum (DLS) of cocaine/retrieval (coc r) rats compared with saline/retrieval (sal r) rats after 30 min (**Po0.01) but no differences were found after 60 min. (g and h) Trypsin-like activity was decreased in the amygdala (Amy) and increased in the prefrontal cortex (PFC) of cocaine/retrieval rats compared with saline/retrieval rats after 30 min. Trypsin-like activity remained increased in the PFC after 60 min. *Po0.05, **Po0. between these groups observed in our earlier experiment (Figure 2c and d) . Next, we measured proteasome catalytic activity in S2 fractions obtained from the same rats. We found no differences between cocaine/retrieval and saline/retrieval groups for proteasome activity in the NAc at either the 30-min (Figure 3e and g ) or 60-min (Figure 3f and h) time point (all t-tests non-significant). However, compared with the saline/retrieval group, the cocaine/retrieval group (30-min time point) exhibited relatively less chymotrypsin-like activity in DLS but not in other regions (Figure 3e ; DLS: t (13) = 3.92, **Po0.01; amygdala: t (14) = 0.93, NS; PFC: t (14) = 1.45, NS), as well as relatively less trypsin-like activity in the amygdala and more in the PFC (Figure 3g ; amygdala: t (13) = 3.50, **Po0.01; PFC: t (14) = 1.80, *Po0.05, one-tail test; DLS: t (14) = 1.45, NS). In addition, compared with the saline/retrieval group, the cocaine/retrieval group showed greater trypsin-like activity in the PFC at the 60-min time point (Figure 3h ; PFC, t (14) = 1.78, *Po0.05, one-tail test; amygdala: t (14) = 0.08, NS; DLS: t (14) = 0.15, NS) but no significant differences in chymotrypsin-like activity in any region (Figure 3f ; all t-tests non-significant). Thus, when a seeking/retrieval test is given after prolonged withdrawal, saline/retrieval and cocaine/retrieval groups do not differ with respect to NAc proteasome activity but show small, time-dependent differences when proteasome activity is measured in DLS, amygdala, and PFC. Therefore, proteasome activity in the latter regions depends to some degree on whether saline or cocaine memories are retrieved.
Cocaine/Retrieval Rats Show Greater NAc Proteasome Activity than Saline/Retrieval Rats when Retrieval Occurs on WD1
Our seeking/retrieval tests described above were conducted after many weeks of withdrawal, whereas all previous tests showing elevated UPS activity after memory retrieval were performed the day after completion of training (Lee et al, 2008; Jarome et al, 2011; Ren et al, 2013) . To determine whether time elapsed between training and testing influences the UPS response, we examined polyubiquitinated protein levels and proteasome activity after a cue-induced seeking/ retrieval test on WD1 (the day after training finished). Tissue was collected 60 min after starting the test (Figure 4a) , a time point when polyubiquitinated proteins were increased in the NAc (Ren et al, 2013) , amygdala (Jarome et al, 2011) , and hippocampus (Lee et al, 2008) following memory retrieval in other paradigms. All other aspects of this experiment were identical to experiments shown in Figure 3 .
Analysis of polyubiquitinated protein levels revealed a significant increase in the cocaine/retrieval group compared with the saline/retrieval group for DLS but not other regions, although a trend was found for NAc ( Figure 4b ; NAc: t (23) = 1.29, P = 0.21; DLS: t (23) = 2.25, *Po0.05; amygdala: t (23) = 1.46, NS; PFC: t (22) = 0.18, NS). However, in proteasome activity assays, we found significant increases in chymotrypsin-like activity (Figure 4c ; t (24) = 1.96, *Po0.05, one-tail test) and trypsin-like activity (Figure 4d ; t (23) = 2.06, *Po0.05, one-tail test) in the NAc in the cocaine/retrieval group compared with the saline/retrieval group. These effects were not observed when the seeking/retrieval test was performed after prolonged withdrawal (Figure 3e-h ). In addition, the cocaine/retrieval group showed significant increases in chymotrypsin-and trypsin-like activity in PFC (chymotrypsin: t (23) = 2.05, *Po0.05, one-tail test; trypsin: t (24) = 2.15, *Po0.05) but not amygdala or DLS (Figure 4c and d; all t-tests non-significant). These results indicate that the interval between training and testing is an important determinant of UPS activation associated with memory retrieval. They also reveal a mismatch between changes in polyubiquitinated protein levels and proteasome activity. In general, one would expect increased polyubiquitinated proteins to precede and/or overlap with increased proteasome activity (eg, Jarome et al, 2013) . A possible explanation for observing increased proteasome activity in the absence of increased polyubiquitinated protein levels (eg, compare NAc results in Figure 4b-d) is that polyubiquitinated proteins increased during the seeking test, leading to an increase in proteasome activity after the test (when tissue was harvested). Due to this activity of the proteasome, polyubiquitinated proteins may have been degraded and returned to control levels by the time tissue was harvested. Although it would be interesting to test this possibility by performing an earlier seeking test, proteasome catalytic activity is the more direct measure of UPS activation so our results are sufficient for the between-group comparisons made here.
DISCUSSION
Protein degradation via the UPS is important in synaptic plasticity (Ehlers 2003; Bingol and Sheng, 2011; Li and Man, 2013) , including plasticity following retrieval of fear (Lee et al, 2008; Jarome et al, 2011) and drug (Massaly et al, 2013; Ren et al, 2013) memories. However, no studies have examined its role in drug memory retrieval following drug selfadministration or at different times after the last drug exposure. The goal of the present study was to fill this gap using an extended-access cocaine self-administration regimen, in which cocaine-exposed rats show incubation of cueinduced craving over the first 1-2 months of withdrawal (Lu et al, 2004) . First, we measured basal UPS activity after a period of withdrawal (WD50-60) when craving has incubated and stabilized at high levels (Lu et al, 2004) . The NAc was studied because neuroadaptations in this region are required for expression of incubation after prolonged withdrawal (Conrad et al, 2008; Loweth et al, 2014) . Importantly, these neuroadaptations are very stable from WD30-70, further justifying our selection of the WD50-60 period (Wolf and Tseng, 2012) , and can be detected under basal conditions (ie, they do not require a seeking test to be evident). Therefore, we hypothesized that basal UPS activity might be altered in the NAc of 'incubated rats'. Contrary to this hypothesis, we found no basal difference in protein polyubiquitination between cocaine and saline rats that did not receive a seeking test (no retrieval groups). Therefore, the first conclusion from our study is that, despite evidence that drugs of abuse can influence the UPS (Massaly et al, 2013) , incubation of craving does not alter basal UPS function in the NAc.
Next, we tested the hypothesis that memory retrieval would produce stronger effects on UPS activity in the NAc of 'incubated rats' (WD50-60) compared with saline controls. To do this, we compared protein polyubiquitination under basal conditions (no retrieval groups) to identically treated rats that received a seeking/retrieval test (saline/retrieval and cocaine/retrieval groups). To our surprise, the test similarly increased polyubiquitinated proteins in the NAc independent of whether saline or cocaine memories were retrieved, despite the fact that a cocaine-paired cue clearly drives a more powerful behavioral response than a saline-paired cue. Likewise, two UPS target proteins, Shank and NSF, were similarly affected by saline and cocaine memory retrieval, although there was a trend toward a less pronounced effect on NSF in the cocaine/retrieval group. Thus, the second conclusion of our study is that it may be difficult to selectively affect cocaine memories by targeting the UPS, although further studies are necessary to explore this. Recruitment of similar synaptic mechanisms upon retrieval of cocaine and saline memories makes sense if retrieval is only the first step in enabling a memory to engage the NAc mechanisms that convert 'motivation to action' (Mogenson et al, 1980) and suggests that cocaine-specific adaptations affecting steps downstream of retrieval (eg, strengthening of AMPA receptor transmission; Conrad et al, 2008; Loweth et al, 2014) explain the stronger behavioral response to cocaine-paired cues after prolonged withdrawal.
In our final series of studies, we conducted a more detailed comparison of saline/retrieval and cocaine/retrieval groups. We measured protein polyubiquitination and proteasome activity, evaluated WD1 and prolonged withdrawal, and analyzed amygdala, DLS, and PFC, as well as NAc. The most striking result was that, compared with the saline/retrieval group, the cocaine/retrieval group showed a seeking testinduced increase in NAc proteasome activity on WD1 that was not observed on WD50-60. Other brain regions also displayed different patterns of UPS activation on WD1 vs WD50-60. Thus, the third major conclusion is that the time elapsed between training and memory retrieval is an important determinant of retrieval-associated UPS activation. Whether this last conclusion applies to other paradigms remains to be determined. All prior studies of UPS activation accompanying memory retrieval used Pavlovian tasks (fear conditioning, or CPP after a limited number of noncontingent cocaine exposures), were conducted 24 h after completion of training, and did not include control groups in which UPS activity was measured after a non-drug or nonfear memory was retrieved (Lee et al, 2008; Jarome et al, 2011; Ren et al, 2013) . In contrast, cocaine self-administration is an operant task, drug exposure is contingent and extensive (6 h/ day), testing is often during prolonged withdrawal when many synaptic changes have already manifested, and saline memory can be assessed (Figure 1b) .
When interpreting results of our WD1 experiment, it must be kept in mind that this experiment did not include 'no retrieval' groups. Therefore, although we can compare proteasome activity in cocaine/retrieval vs saline/retrieval rats, we do not know how much these groups may have increased over their 'no retrieval' baseline. The exception is the NAc, where we found no difference in basal protein polyubiquitination between saline/no retrieval and cocaine/ no retrieval groups, indicating that saline/retrieval and cocaine/retrieval groups start from the same baseline. Keeping this caveat in mind, our results do not support a correlation, for any of the brain regions studied, between the level of UPS activation and the intensity of cocaine craving during a seeking/retrieval test. As discussed above, cocaine/ retrieval rats show greater NAc proteasome activity than saline/retrieval rats on WD1 but no difference on WD50-60. This contrasts with a more critical role for NAc excitatory transmission in the expression of incubation after prolonged withdrawal (Conrad et al, 2008; Loweth et al, 2014) . The DLS is important for cocaine seeking after withdrawal (Fuchs et al, 2006; See et al, 2007) but its inactivation decreases context-induced cocaine seeking after extended-access cocaine self-administration in a manner that is not clearly related to withdrawal time (Pacchioni et al, 2011) . Therefore, the fact that cocaine/retrieval and saline/retrieval groups showed a small difference in DLS UPS activity during prolonged withdrawal (Figure 3e ), but not on WD1 ( Figure  4c and d) , is likely unrelated to incubation. In the PFC, cocaine/retrieval rats exhibited slightly greater proteasome activity regardless of test day, perhaps reflecting the PFC's major role in regulating cocaine seeking across experimental models (Kalivas and Volkow, 2005) . However, projections originating from different PFC subregions undergo distinct adaptations during withdrawal that can both promote and oppose incubation of craving (Koya et al, 2009; Ben-Shahar et al, 2013; Ma et al, 2014) . Therefore, future studies should measure UPS activity in PFC subregions. In the amygdala, results on WD1 and most results after prolonged withdrawal suggested similar activation of the UPS regardless of whether saline or cocaine memories were retrieved. However, as in prior studies of UPS activation after fear conditioning (Jarome et al, 2011) , our dissection did not differentiate subregions of the amygdala. Although the basolateral amygdala has a key role in cocaine memory reconsolidation (eg, Lee et al, 2006) , it is the central nucleus that is strongly implicated in the incubation of cocaine craving (Lu et al, 2005a (Lu et al, ,b, 2007 ; also see Lee et al, 2013) .
More work is required to understand the functional role of the UPS in retrieval of memories that elicit cocaine craving. It will also be important to uncover molecular mechanisms linking cocaine to UPS regulation (eg, Shen et al, 2007) . However, our study-the first to examine the role of the UPS in retrieval of cocaine memories following cocaine selfadministration, as well as the first to examine the UPS following retrieval in any operant learning paradigm or after a delay between training and testing-provides an important framework for future studies by revealing that the involvement of the UPS in memory retrieval depends greatly upon paradigm, brain region, and the age of the memory.
FUNDING AND DISCLOSURE
